Introduction thought to be involved in protein-protein interactions and a carboxy-terminal region exhibiting sequence simiSynaptic junctions (SJs) are highly specialized sites of larity to low molecular weight guanylate kinases (GKs) cell-cell contact involved in the rapid regulated transfer (Woods and Bryant, 1991; Cho et al., 1992; Kistner et of information between neurons and their target cells al., 1993; Mü ller et al., 1995; Brenman et al., 1996) . These (Fallon and Hall, 1994) . Associated with both the pre-GK-like domains in SAPs bind GMP and ATP, but as of and postsynaptic side of the junctional plasma memyet do not exhibit GK activity in vitro (Kistner et al. , brane is an elaborate submembraneous cytoskeleton 1995). PDZ domains of SAPs are novel protein-protein (Hirokawa et al., 1989; Landis, 1988) . At the postsynaptic binding motifs, interacting with cytoplasmic tail sequences (tSXV motifs) of transmembrane proteins (Kim side of SJs, a dense lattice of fine filaments is found in Kornau et al., 1995; Niethammer et al., 1996) . leads to the synthesis of at least three SAP102 isoforms in rat brain. Although several SAP90 and SAP97 mRNAs In vitro, SAP90/PSD-95 and SAP97 have been shown to bind modulatory subunits (NR2) and two isoforms of are created by differential splicing of their respective precursors at similar positions (Lue et al., 1994 ; C. C. G., the principal subunit (NR1-3 and NR1-4) of postsynaptic N-methyl-D-aspartate (NMDA) type glutamate receptors unpublished data), the spliced sequences do not share any sequence similarity to those in the SAP102 tran- (Kornau et al., 1995; Niethammer et al., 1996) as well as Shaker-type K ϩ channels (Kim et al., 1995) . In addition, scripts. PDZ domains of SAP90/PSD-95 and PSD-93 interact with a similar motif within the amino terminus of neuronal Characterization of SAP102-Specific Antibodies nitric oxide synthase (nNOS) in vitro (Brenman et al., An alignment of the deduced amino acid sequences of 1996). In mutant mice, nNOS lacking a PDZ motif does SAP102, SAP90/PSD-95, SAP97, and PSD-93 revealed not associate with SAP90/PSD-95 in brain (Brenman et that regions of high homology are flanked by unrelated al., 1996) . sequences. A polyclonal antiserum raised against the In this study, we describe a novel member of the SAP conserved PDZ1 domain in SAPs recognized at least family comprising at least three isoforms with apparent eight bands between 80 and 120 kDa on Western blots molecular weights of about 102 kDa, collectively called of rat brain membranes ( Figure 2 , lane 1). To distinguish SAP102. Immunoelectron microscopic (EM) studies of various SAPs, antibodies were raised against their rat hippocampus utilizing antibodies generated against unique amino-terminal sequences. On Western blots of unique sequences in SAP102 demonstrate that it is situpostnatal day 30 (P30) rat brain membrane fractions, ated in dendritic spines and at PSDs of type 1 asymmetaffinity-purified antibodies against SAP90 and SAP97 ric synapses where it exhibits biochemical characterisreacted with doublets around 90 kDa and 120 kDa, retics of cortical cytoskeletal proteins. Moreover, SAP102 spectively ( Figure 2 , lanes 2 and 3). In contrast, a monocould be coimmunoprecipitated with NMDA receptor clonal antibody (MAb-119) ( Figure 2 , lane 4), as well as complexes solubilized from rat brain synaptosomes. Reaffinity-purified mouse (m-Ab-119) ( Figure 2 , lane 5) and combinant proteins containing the tSXV motif of the rabbit (r-Ab-119) (data not shown) polyclonal antisera modulatory NMDA receptor subunit NR2B interacted against the first 119 amino acid residues of SAP102 with SAP102 from rat brain homogenates. In addition, recognized primarily two bands at 102 kDa. None of the all three PDZ domains in SAP102 bound the cytoplasmic three anti-SAP102 antibodies cross-reacted with retail domain of NR2B in vitro. Taken together, these data combinant (data not shown) or rat brain SAP90/PSD-95 suggest that in vivo at excitatory type 1 synapses or SAP97 (Figure 2 ). SAP102 links NMDA receptors in the postsynaptic plasmalemma with the underlying cortical cytoskeleton asPostsynaptic Localization of SAP102 sociated with PSDs.
The spatial distribution of SAP102 was determined in sagittal sections of P30 rat brain immunoperoxidase labeled with affinity-purified m-Ab-119. SAP102 was Results found most prominently in cerebral cortex, hippocampus, cerebellum, and olfactory bulb ( Figure 3 ). No stainMolecular Characterization of SAP102 Screening a rat cerebellar cDNA library with a fragment ing was observed with preimmune serum (data not shown) or when m-Ab-119 was coincubated with the encoding the first PDZ domain (PDZ1) of SAP90 (Kistner et al., 1993) , several clones were isolated ( Figure 1A) immunogen GST-119 ( Figure 3C ). Throughout the hippocampus, a strong immunoreacthat share about 70% nucleotide sequence identity with SAP90 cDNAs. Nucleotide sequences determined from tivity was detected in cell bodies and molecular layers ( Figure 4A ). In semithin sections of the CA1 area ( Figure  clones 2d3 and 2d11 revealed an open reading frame encoding an 849 amino acid residue protein with a calcu-4B), cell bodies but not nuclei were stained. In addition, a punctate immunoreactivity along radially projecting lated molecular weight of 93.5 kDa ( Figure 1B ). As with SAP90 and SAP97, the encoded protein is composed dendrites in the stratum radiatum was observed ( Figure  4B) . At the EM level, an intense staining of distal regions of five domains: three amino-terminal 90 amino acid PDZ repeats, an SH3 domain, and a region sharing sequence of some dendritic spines and PSDs was detected ( Figure  4D ). In comparison, the immunoreactivity observed in similarity with low molecular weight GKs ( Figure 1A ). Within the GK-like domain, residues participating in patches along dendritic shafts and in proximal parts of dendritic spines was weaker ( Figure 4C ). Although only GMP binding are conserved, while those theoretically involved in ATP binding are absent (see Kistner et al., some postsynaptic elements situated along any given dendritic shaft were immunostained ( Figure 4D ), it is not 1995). Based on its structural similarity to SAP90 and SAP97, its presence at SJs as well as its mobility in clear whether this indicates that SAP102 is restricted to a subset of asymmetric type 1 synapses or is due to SDS-polyacrylamide gels, we refer to this protein as SAP102.
unequal antibody penetration. SAP102 was also detected in dendritic spines and PSDs of asymmetric type Two additional sets of cDNA clones possess shorter coding regions: clone 2d3II lacks 54 nucleotides (700-1 spiny synapses in the stratum radiatum of the CA3 region ( Figure 4E ) as well as the hilus ( Figure 4F ). Glial 753) encoding 18 amino acids located amino-terminal of PDZ1, and clones 2d19a, 2d13, and 2d2 lack 42 nuclecells and presynaptic elements throughout the hippocampus remained unlabeled. otides (2218-2259) encoding 14 amino acids situated between the SH3 and GK domain (Figure 1 ). These data
The spatial distribution of SAP102 was also examined in cultured hippocampal neurons and compared with indicate that alternative splicing of a precursor RNA MAP2, a dendrite-specific microtubule-associated prorat brain, and P30 heart, muscle, and liver ( Figure 5B ), a 5 kb SAP102 mRNA was found only in brain tissue. In tein (MAP), and NMDA receptors by double immunofluorescence microscopy. As for MAP2, SAP102 immunorecerebral cortex, transcript levels increase during the first two postnatal weeks, reach a maximum around P15, activity was observed along dendrites. In contrast with the smooth MAP2 staining, SAP102 immunoreactivity is and decline slightly in mature animals ( Figure 5A ). In a developmental Western blot of rat brain homogenates more punctate. This patchy distribution along dendrites is very similar to that of NMDA receptors (data not from P1, P5, P15, P30, and P75 stained with MAb-119, several bands around 102 kDa were observed ( Figure  shown) . The immunocytochemical staining pattern of SAP102 is consistent with its primarily postsynaptic lo-5C). SAP102 levels in rat brain exhibit a similar developmental pattern as the SAP102 mRNA ( Figure 5D ). The calization observed in rat brain (Figure 4) . increase in SAP102 and its mRNA levels parallels that of newly formed synapses in the developing rat cerebral Brain-Specific SAP102 mRNAs Are Most Prominent during Synaptogenesis cortex (Blue and Parnavelas, 1983) . This developmental pattern is similar to that observed for synaptic proteins In Northern blots of total RNA from P1, P5, P15, P30, and P75 rat cerebral cortex ( Figure 5A ), P5 and P30 total such as the ␣ subunit of the Ca 2ϩ /calmodulin-dependent protein kinase II (Sahyoun et al., 1985) and the synaptic vesicle protein synapsin I (Sü dhof et al., 1989) , indicating that SAP102 may be involved in synaptogenesis.
Biochemical Characterization of SAP102 at Synaptic Junctions
The association of SAP102 with SJs was investigated by subcellular fractionation studies of P30 rat brain. On Western blots of cellular sucrose density fractions incubated with m-Ab-119, SAP102 was detected in synaptosome fractions but not in microsome, myelin, or mitochondria preparations ( Figure 5E , lanes 3-6). Comparing equal protein amounts of lysed synaptosome, synaptic gents (2.5% CHAPS), or nonionic detergents (3% NP-40, 1% Triton X-100) known to release peripheral and Sagittal rat brain sections were immunoperoxidase stained with MAb-119 (B) or preimmune serum (C), and relevant brain areas were marked on a schematic representation (A). SAP102 immunoreactivity was detected in most neuronal populations of P30 rat brain. Abbreviations: ac, anterior comissure; Acb, accumbens; Cb, cerebellum; cc, corpus callosum; Cx, cortex; DH, dorsal horn of the spinal cord; f, fimbria hippocampi; Hbc, habenula; Hi, hippocampus; IC, inferior colliculus; LH, lateral hypothalamic area; LPO, lateral preoptic area; LS, lateral septal nucleus; M, medulla; OB, olfactory bulb; opt, optic chiasm; PB, parabrachial nucleus; Pn, pontine nuclei; SC, superior colliculus; SN, substantia nigra; Th, thalamus; Tu, olfactory tubercle. prepared from P1, P5, P15, P30, and P75 rat brain cerebral cortex (A, lanes 1-5, respectively), from P5 and P30 total rat brain, and from P30 rat heart, muscle, and liver (B, lanes 1-5, respectively) were probed with the ␣-32 Plabeled 1.4 kb PstI-EcoRI fragment from the unique 3Ј untranslated region of clone 2d3. The relative amount of 5.0 kb SAP102 transcripts (arrow) increases during early postnatal rat brain development and declines after P15. (C) Western blot of P1, P5, P15, P30, and P75 homogenates from cerebral cortex (lanes 1-5, respectively) incubated with a monoclonal antibody against SAP102 (MAb-119). (D) Relative amount (in percent) of SAP102 protein (closed bars) and RNA (stippled bars) in rat cerebral cortex. Levels were measured by densiometric scanning of Northern (A) and Western (C) blots. (E and F) Western blots of P30 rat brain membranes fractionated by sucrose density centrifugation were incubated with either affinity-purified m-Ab-119 (E) or an anti-synaptophysin antibody (F). Proteins from the high speed supernatant and the entire membrane fraction of a rat brain homogenate (E, lanes 1 and 2, respectively; 25 g each), from microsome myelin, mitochondria, and synaptosome preparations (E, lanes 3-6, respectively; 25 gmg each) as well as lysed synaptosome, SV, and SJ fractions (E, lanes 7-9, and F, lanes 1-3, respectively; 2 g each) were probed. SAP102 is enriched in synaptosome and SJ fractions and does not copurify with SVs in contrast with synaptophysin. most integral membrane proteins (Bennett and Gilligan, insoluble PSDs (Carlin et al., 1980) . Antibodies directed against the principal subunit of NMDA receptors, NR1, 1993). In contrast, chaotropic agents such as 2% SDS, 6 M guanidinium-HCl (pH 6.7), 8 M urea/1 M glycine (pH were found to immunoprecipitate NR1, NR2B, and SAP102 from rat brain synaptosomes ( Figure 6A ). Nei-8.0), and to some extent 1 M Tris and 0.1% Triton X-100, capable of solubilizing components of the cortical ther NR2B nor SAP102 were precipitated in the absence of primary antibody ( Figure 6A ). In addition, SAP102 did membrane cytoskeleton (Mü ller et al., 1995) , released SAP102 from the membrane fraction (data not shown).
not copurify with the GluR1 subunit of AMPA receptors ( Figure 6A ). Immunoprecipitation of NMDA receptor Taken together, these data suggest that SAP102 is a structural constituent of the cortical cytoskeleton at complexes was not detected when the NR1 antibody was preabsorbed with its immunogen (data not shown). asymmetric type 1 SJs.
Preincubation with an irrelevant peptide had no effect (data not shown). To examine whether the ability of SAP102 Interacts with NMDA Receptors The postsynaptic localization of SAP102 in asymmetric SAP102 to coimmunoprecipitate with NR subunits is due to a reassociation of SDS-solubilized proteins after type 1 synapses (see Figure 4 ) and the ability of other members of the SAP family to bind ion channels and dilution in 1% Triton, a peptide (500 g/ml), corresponding to the last 20 amino acid residues of NR2B (pepneurotransmitter receptors in vitro (Kim et al., 1995; Kornau et al., 1995; Niethammer et al., 1996) suggest NR2B), was added prior to solubilization. This had no effect on the ability of SAP102 to copurify with NMDA that in vivo SAP102 may form a protein complex with postsynaptic glutamate receptors. Thus, we examined receptor complexes. In contrast, pep-NR2B blocked the interaction of recombinant SAP102 with a TrcHis-fusion whether SAP102 could be immunoprecipitated with glutamate receptor complexes from solubilized rat brain protein containing the cytoplasmic tail of NR2B in gel overlay assays and affinity chromatography (data not synaptosomes. A prerequisite for the coimmunoprecipitation experiment was to determine conditions under shown). Furthermore boiling of synaptic plasma membranes (SPMs) reduced the amount of SAP102 copurifywhich SAP102 and glutamate receptors were solubilized, yet maintained direct protein-protein interactions.
ing with NMDA receptor complexes by 90% (data not shown). Taken together, these data indicate that in vivo NR1 and NR2 subunits as well as SAP102 were found to be highly soluble in 2% SDS, but virtually insoluble postsynaptic SAP102 and NMDA receptors exist in a complex. in 2% Triton X-100, 2.5% CHAPS, or RIPA (1% Triton X-100, 0.2% SDS, 0.5% deoxycholate) (data not shown).
Since SAPs have been shown to bind the cytoplasmic domains of ion channels (Kim et al., 1995; Kornau et This is consistent with the idea that these proteins are part of the cytoskeleton associated with Triton X-100 al., 1995), we next examined whether the presence of Figure 6 . Coimmunoprecipitation of SAP102 with NMDA Receptor Complex (A) For coimmunoprecipitation, SPMs (250 g) were incubated with antibodies against the NR1 subunit (NR1) or the GluR1 subunit (GluR1). "Control" indicates samples where no antibody was added. Precipitated proteins were separated by SDS-PAGE, immunoblotted, and incubated with antibodies against NR1, NR2B, SAP102 (S102) (MAb-119), or GluR1. Immunoprecipitation of NMDA receptor complexes was not detected when the NR1 antibody was preabsorbed with its immunogen (data not shown). Preincubation with an irrelevant peptide had no effect on immunoprecipitation (data not shown). (B) Western blot of adult rat brain proteins recovered after affinity purification with GST (GST) or GST-NR2B-9 (NR2B-9) bound to glutathioneSepharose beads. Proteins were separated by SDS-PAGE followed by immunoblotting with MAb-119. SAP102 in NMDA receptor complexes is mediated via 1993; Kim et al., 1995; Kornau et al., 1995; Mü ller et al., 1995; Brenman et al., 1996; Hunt et al., 1996) . In contrast its binding to the tSXV motif in NR2 subunits. This was accomplished by incubating a glutathione S-transferase with the presynaptic distribution of SAP97 (Mü ller et al., 1995) and the detection of SAP90/PSD-95 at both sides (GST)-fusion protein containing the carboxy-terminal nine amino acid residues of NR2B (GST-NR2B-9) bound of the SJ (Kistner et al., 1993; Hunt et al., 1996) , SAP102 was thus far only found in dendritic processes and neuto glutathione-agarose beads with rat brain proteins. Neuronal SAP102 was found to bind GST-NR2B-9 but ronal cell bodies. At the EM level, the staining of hippocampal dendrites was attributed to the presence of not GST alone ( Figure 6B ), implying that the in vivo interaction between SAP102 and NMDA receptors in-SAP102 in dendritic shafts, synaptic spines, and at the submembraneous cytomatrix associated with PSDs of volves the cytoplasmic tail of the modulatory NR2B subunit. asymmetric type 1 synapses. As for other SAPs, biochemical data suggest that, at SJs, SAP102 is tightly To evaluate whether, in NMDA receptor complexes, SAP102 may interact directly with receptor subunits, the associated with the cortical cytoskeleton underlying the junctional plasmalemma (Cho et al., 1992; Kistner et al., cytoplasmic tSXV sequences of NR2B were tested for their ability to bind recombinant SAP102 directly. In blot 1993; Mü ller et al., 1995) . A human homolog of SAP97, hdlg, interacts via protein 4.1 with the cortical cytoskeleoverlays, a biotinylated fusion protein containing the carboxy-terminal nine amino acids of NR2B (Biotal protein spectrin, thereby increasing its affinity for actin filaments (Lue et al., 1994) . Whether the associa-NR2B-9) was incubated with recombinant GST-SAP102 expressed in bacteria. Bio-NR2B-9 was found to bind tion of SAP102 with the postsynaptic cytomatrix also occurs via a yet to be identified protein 4.1 homolog GST-SAP102 fusion protein but not GST alone ( Figure  7C ), implying a direct interaction between SAP102 and remains to be resolved. Within neuronal cell bodies, SAP102 is evenly distributed throughout the cytoplasm. NR2B. Regions within SAP102 mediating binding to NR2B were determined by overlaying individual doAt present, it is not known why the nerve cell soma contains relatively high levels of SAP102. mains of SAP102 fused to GST with Bio-NR2B-9. Only fusion proteins containing PDZ2 domains were found Similar to other members of the SAP family, SAP102 is a mosaic protein composed of multiple domains: three to bind Bio-NR2B-9 ( Figure 7C ).
To measure the binding affinity of the PDZ2 domain PDZ repeats, an SH3, and a GK-like domain. SH3 domains have been identified in a number of cell signaling in SAP102 for the tSXV motif in NR2B, we employed an enzyme-linked immunoabsorbent assay (ELISA) (Figure and cytoskeletal proteins. They are known to mediate interactions between various proteins, directing their 7D). Binding was shown to occur with an EC 50 of 6 nM. In contrast with the overlay assay, Bio-NR2B-9 was also subcellular localization and the formation of macromolecular complexes (Feller et al., 1994) . The binding found to interact with the other two PDZ domains. PDZ1 has an EC 50 value of 30 nM, and PDZ3 possesses one partners of the SH3 domains in SAPs have not yet been identified. PDZ domains were recently described of only 1 M, demonstrating that PDZ2 exhibits a 3-and 100-fold higher affinity for NR2B-tSXV sequences than as novel sites of protein-protein interaction. In vitro, PDZ domains of both SAP90/PSD-95 and SAP97 have the first and third PDZ domain of SAP102, respectively. Thus, employing the more sensitive ELISA, we were able been shown to interact with carboxy-terminal tSXV sequences in Shaker-type voltage-gated K ϩ channels (Kim to detect these weaker interactions not observed in the blot overlays.
et al., 1995) and modulatory NR2 subunits of NMDA receptors (Kornau et al., 1995; Niethammer et al., 1996) . It is not yet clear which of these interactions occur in Discussion vivo. Essential for the ability of SAPs to interact with receptors and ion channels in neuronal cells is their We have identified several isoforms of a novel member of the SAP family. These isoforms are collectively resubcellular codistribution. Both SAP90/PSD-95 and Shaker-type K ϩ channels (Kv1.1 and Kv1.2) are found ferred to as one protein, called SAP102. Similar to SAP90/PSD-95 and SAP97, SAP102 is present in most within presynaptic terminals of basket cells forming a sheath around the axon hillock of cerebellar Purkinje adult rat brain regions (Cho et al., 1992; Kistner et al., cells (Kistner et al., 1993; Kim et al., 1995) . Similarly, SAP97 along unmyelinated axons may serve to anchor K ϩ channels in the axonal plasmalemma (Wang et al., 1993; Mü ller et al., 1995) . In contrast, NMDA receptors are predominantly postsynaptic but were also detected in axons and glutamatergic nerve terminals (for review see Huntley et al., 1994) . Recent studies on SAP90/PSD-95 imply that in addition to its presynaptic distribution in cerebellar basket cells (Kistner et al., 1993; Hunt et al., 1996) , SAP90/PSD-95 also associates with the postsynaptic cytomatrix at forebrain synapses (Hunt et al., 1996) , thus suggesting an in vivo interaction with NMDA receptors at these SJs. The postsynaptic localization of SAP102 presented here implies that it interacts with transmembrane proteins located in the plasmalemma lining the PSD. Our observation that SAP102 coimmunoprecipitates with NMDA receptors solubilized from rat brain synaptosomes represents direct evidence that in vivo these proteins form a complex at asymmetric type 1 synapses. At present, similar studies have not been reported for SAP90/PSD-95. The idea that SAP102 and NMDA receptors form a complex in vivo is supported by biochemical studies on SAP102 presented here and on NR2B previously (Moon et al., 1994) , the demonstration that both proteins are constituents of the cytomatrix at SJs, and our observation that all three PDZ domains in SAP102 interact directly with the cytoplasmic tail of NR2B in vitro. Since SAP102 does not coimmunoprecipitate with AMPA receptors (GluR1), it appears that SAP102 does not bind all postsynaptic glutamate receptor subtypes. The significance of this specificity is unknown. Recently, the recruitment of newly assembled AMPA receptor complexes into PSDs has been postulated to occur after the induction of long-term potentiation (Liao et al., 1995) . Thus, it is possible that the interaction of SAP102 with NMDA receptors serves to anchor these glutamate receptors solidly at PSDs, while AMPA receptors cycle between an endosomal and a PSDassociated plasma membrane state. (Kornau et al., 1995; Niethammer et al., 1996) , repeats as well as the SH3 and the GK domain. Regions of SAP102 our in vitro binding data presented here show that all and SAP90 that were expressed as GST-fusion proteins and tested three PDZ domains of SAP102 interact directly with the for their ability to bind to the carboxy-terminal NR2B sequences in cytoplasmic tail sequence of the modulatory NR2B sub- NR2B (EC 50 ϭ 6 nM). In addition, the PDZ2 domains (B and C) GST-fusion proteins (1 g) resolved by SDS-PAGE were of both SAP102 and SAP90/PSD-95 exhibited similar either stained with Coomassie blue (B) or transferred to a Nitrocellurelative binding affinities for tSXV sequences (data not lose membrane (C). Lane 1 corresponds to GST; lanes 2-11 contain shown), indicating that both SAPs possess comparable GST-fusion proteins to S102, S102-SH3-GK, S102-R3-SH3, S102-R1-R3, S102-R2-R3, S102-R1-R2, S102-R3, S102-R2, S102-R1, and capabilities to interact with NMDA receptors. Thus, the S90-R2 diagrammed in (A), respectively. In blot overlays (C), memquestion, which of these interactions take place in vivo, branes were incubated with Bio-NR2B-9 and binding was evaluated depends primarily on which SAP codistributes with the with avidin conjugated with horseradish peroxidase. Fusion proteins receptors in neuronal cells. The fact that all three PDZ containing PDZ2 from SAP102 or SAP90 were found to interact with domains in SAP102 bind tSXV sequences may lead to NR2B tail sequences. (D) Dose-response curves of PDZ1-3 of SAP102 binding for Bioreceptor clustering. This concept is supported by the NR2B-9. Bio-NR2B-9 was bound at 0.16 g/well, and GST-fusion finding that SAP90/PSD-95 uses PDZ1 and PDZ2 to proteins (GST, GST-S102-R1, GST-S102-R2, GST-S102-R3) were interact with K ϩ channels and induces channel clustering incubated after being serially diluted (1:3) starting at 5 M. The data in transfected COS7 cells (Kim et al., 1995) . PDZ motifs seem to interact with each other. Recently, X ϭ GST-S102-R1, GST-S102-R2, or GST-S102-R3. EC50 for PDZ1, PDZ2, and PDZ3 are 0.029, 0. The function of the GK-like domain in SAP102 and bridized with the ␣-32 P-labeled 1.4 kb PstI-EcoRI fragment from other members of the family remains enigmatic. Alclone 2d3 as described previously (Kistner et al., 1993) .
though it has initially been suggested that multimodular
Construction and Purification of GST-SAP102 Fusion Proteins
SAPs serve as direct links between the submembra-GST-fusion proteins with specific regions of SAP102 and SAP90 neous cytomatrix at SJs and guanine nucleotide-based were constructed by subcloning cDNA fragments into pGEX-2T signaling pathways (Woods and Bryant, 1991; Cho et (Pharmacia) or a modified pGEX-2T vector (Pharmacia), called al., 1992; Kistner et al., 1993) , it seems unlikely that pGHEB. pGHEB was constructed by replacing the BamHI-EcoRI SAP102 functions as a kinase. First, as described for polylinker in pGEX-T2 (Pharmacia) with a HindIII-EcoRI-BamHI SAP90/PSD-95 , no GK activity has polylinker. GST-S102 was made by subcloning the EcoRI fragment from clone 2d2 into pGEX-2T, while GST-S102-SH3-GK was been detected in SAP97 or SAP102 in vitro (S. K. and made by subcloning the PvuII fragment from clone 2d11 into the C. C. G., unpublished data). Second, SAP102 lacks sevSmaI site. For PCR cloning, DNA fragments from clone 2d3 and eral amino acids thought to be essential for ATP binding.
in this paper suggest that SAP102 is involved in the assembly of asymmetric type 1 synapses, perhaps by
Preparation and Purification of Antibodies
recruiting NMDA receptors to the submembraneous cy-A cDNA fragment encoding the first 119 amino acid residues of tomatrix and inducing the formation of macromolecular SAP102 was amplified by PCR and subcloned in pGEX-2T (Pharcomplexes at SJs. macia). The purified GST-S102-119 fusion protein was injected into mice and rabbits to generate polyclonal antisera (m-Ab-119 and r-Ab-119, respectively) (Kistner et al., 1993) and monoclonal antiExperimental Procedures bodies (MAb-119). The rabbit anti-NR1, anti-NR2B, and anti-GluR1 antibodies were raised against carboxy-terminal peptides (residues cDNA Cloning, Sequencing, and Analysis 919-938, 1463-1482, and 894-907, respectively) (Tingley et al., Clone 2d3 was isolated from a ZAPII cDNA library prepared from 1993). Polyclonal antibodies were affinity purified as previously deadult rat cerebellum (provided by O. Pongs) screening with a cDNA scribed (Kistner et al., 1993) . fragment (Sambrook et al., 1989 ) from the SAP90 clone 2d (Kistner et al., 1993) . Clones 2d2, 2d3II, 2d8, 2d11, 2d19a, and 2d13 were isolated with the 2d3 cDNA from a fetal and a P7 rat brain ZAPII Protein Preparation and Western Blot Analysis Cytosolic and membrane proteins were prepared from rat brain as cDNA library (provided by Steve Morley). The cDNA for this latter library was synthesized from two times oligo(dT)-purified RNA with described by Carlin et al. (1980) . Brain membranes were extracted with 100 mM DTT, 2 M MgCl 2 , 1% Triton X-100, 3% NP-40, 1% random hexanucleotide primers and the TimeSaver cDNA Synthesis Kit (Pharmacia), subsequently ligated into EcoRI-digested ZAPII CHAPS, 100 mM Na 2 CO 3 (pH 11.5), 6 M guanidine-HCl, or 1 M Tris, separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), (Stratagene) and packaged with Gigapack II Gold packaging extract (Stratagene) according to the instructions of the manufacturer. HyWestern blotted, and immunostained as previously described (Mü ller et al., 1995). bridization of phage bound to Hybond N filters was performed as
